Abstract-In this paper, empirical channel models and parameters are derived from the wideband measured data at 5.3 GHz in outdoor mobile communications. The path loss exponents and intercepts are obtained by using the least square method. The mean excess delay and mean root-mean-square (rms) delay spread are within 29-102 ns and 22-88 ns, respectively. The correlation distances and bandwidths are within 1-11 and 1.2-11.5 MHz, respectively, when the envelope correlation coefficients equal 0.7 in line-of-sight cases. These correlation values depend strongly on the base station antenna heights. The window length for averaging out the fast fading components is about 1-2 m for microcells and picocells. The multipath number distributions follow both Poisson's and recently introduced Gao's distributions, but Gao's distribution is better at high probability region. Large excess delays up to 1.2 s and rms delay spread about 0.42 s are found in the urban rotation measurements, where the receiver is close to a large open square.
complexity of a receiver. The adaptive antenna array and diversity techniques are sensitive to correlation properties of signals. Therefore, spatial and frequency correlation studies are needed. The mobile radio channel is a typical multipath propagation channel, so the path number distribution is one of the important channel characteristics to study. It is useful in the computer simulation, interference analysis and studying the other multipath propagation properties for a specific communication system.
The radio channel is characterized by its time-variant complex impulse responses (IRs) , where and denote the measurement delay and time, respectively, and (1) where is the complex amplitude of a signal arriving via discrete propagation path with delay . The radio channel is time variant, so in order to study the small scale effects of the radio channel, such as spatial and frequency correlation properties, a wide sense stationary uncorrelated scattering (WSSUS) channel should be assumed. Due to multipath propagation characteristics for mobile radio channel the received signal contains fast fading components, and one important question is how to choose a suitable window length to average the fast fading components and still preserve the slow fading properties. The window lengths were discussed in [8] and [9] for macro-and microcellular mobile communications, respectively. However, for micro-and picocells, the window length is not quite clear at present. Concerning estimation of direction of arrival of the waves, one of the simplest methods is to use a directive rotated antenna with narrow beam-width, and the rotation measurement is also a useful method for studying the other spatial propagation characteristics of a specific environment. This paper is structured as follows. In Section II, the measurement campaign is introduced. The empirical path loss models are derived in Section III with different transmitter heights. The statistical values of excess delay and rms delay spread are derived in Section IV. In Section V, the suitable window length is introduced for averaging out fast fading components in both the wide and narrowband signals. The spatial and frequency correlations, and path number distributions are studied in Sections VI and VII, respectively. In Section VIII, the results for the rotation measurement are illustrated. Finally, the conclusions are drawn in Section IX.
II. MEASUREMENT CAMPAIGN
The outdoor mobile measurements at 5.3 GHz were performed in Helsinki, Finland [7] . The measurements in urban, suburban, and rural environments were performed with different transmitting antenna [base station (BS)] heights. For urban measurements, three transmitter sites were chosen. Site A is an example of a dense urban environment, the transmitting antenna was about 45 m above ground level representing a case with the BS antenna over rooftops. Site B is a dense urban residential environment. Here the transmitting antenna was placed at a mast with a height of 4 m, which is a typical case with the BS antenna lower than rooftops. The measurement routes for this site are shown in Fig. 1 . The receiving antenna mobile station was at the height of 2.5 m on top of a car for both of the sites mentioned above. Site C is located in the city center of Helsinki. The goal was to place the transmitter at some elevation relative to ground, but still keep it below rooftops. The transmitting antenna was placed at the height of 12 m and the receiving antenna was on top of a trolly with the height of 2 m above ground level. In Site C, we also did the rotation measurements by using a directive horn antenna. The 3 dB beamwidth of the horn antenna was 30 in H-plane and 37 in the E-plane and the peak sidelobe level was 26 dB. The specific environment for rotation measurements is shown in Fig. 2 . Site D represents semiurban/semirural residential area. The three-story buildings are the tallest ones around, and the transmitting antenna was placed over rooftops at the height of 12 m from ground level. Site E was selected to represent the rural case. The transmitting antenna was placed on top of a 5 m mast at the hilltop so that the antenna was about 55 m above the surroundings. Site F represents a typical semiurban/urban case. The transmitter was placed on top of a 5 m mast. The receiving antenna was always on top of a car at the height of 2.5 m. The routes were measured by using the wideband channel sounder developed at the Institute of Digital Communications in Helsinki University of Technology [10] . In the measurements, more than 200 000 useful IRs were collected. The system configuration for mobile measurements is described in Table I .
III. PATH LOSS MODELS
The least square method is used in the derivation of empirical path loss models at different transmitter heights in outdoor environments. The following model [11] - [13] was utilized for wideband path loss with isotropic antennas
where m, is attenuation exponent, is the intercept point in the semilog coordinate, and is the distance from receiver to transmitter. The dynamic range is cut at 20 dB in the delay domain relative to the strongest path in Sections III-VII of this paper. The empirical path loss models are given in Tables II and III (LOS) cases, the attenuation exponent is in the range of 1.4-3.5 and in nonline-of-sight (NLOS) cases is 2.8-5.9. Two examples are shown here. Fig. 3 shows urban LOS path loss when transmitter was at a mast 4 m above ground. Due to guided wave effect the average signal level is higher than in free space. Fig. 4 shows a mobile terminal turning around a corner. More than 25 dB path loss difference can be found from LOS to NLOS situations.
IV. MEASURED VALUES FOR EXCESS DELAY AND RMS DELAY SPREAD
By using the basic theory introduced in [14] , the empirical values for mean excess delay and rms delay spread shown in Table IV can be derived from the measured data. Here both transmitter (Tx) and receiver (Rx) had omni-directional antennas. Two examples are given here. Fig. 5 shows the rms delay spread as a function of the distance between Tx and Rx for suburban LOS case with Tx height of 5 m. Fig. 6 is for urban NLOS case with Tx height of 4 m. The time resolution of the measurement setup limits the minimum measurable rms delay spread to about 10.5 ns. As shown in Table IV, in the   TABLE IV  MEASURED VALUES FOR MEAN EXCESS DELAY outdoor environments the mean excess delay and mean rms delay spread are within 29-102 ns and 22-88 ns, respectively, and the values depend on the transmitter heights and LOS or NLOS situations. Generally speaking, the mean excess delay and rms delay spread are higher with the increasing Tx heights. However, in rural LOS measurement, when the transmitter was placed on a hill, the mean excess delay and rms delay spread are small, which can be explained by the fact that there are no high buildings to reflect the radio waves, and only some scattered waves from nearby cars and trees exist. The rotation measurements in Section VIII will show that large excess delays up to 1. Multipath propagation causes fast fading in mobile communications. Thus, it is quite important in experimental data processing how to average out the fast fading components and still preserve the slow fading characteristics. In [8] , it was suggested that a suitable window length for data taken from macrocells is . However, examination of data taken from microcells showed that the local mean could suffer quite large variations over short distances and in [9] , (about 1.7 m) was considered more appropriate window length for microcells from the experimental data at 900 MHz. In our experiments, we used the least square method with the wide and narrowband received power to give the linear regression curves. Let's take the regression curves as the reference values, and then change the window length to 5, 10, 20, and 40 for averaging the fading signals. Fig. 7(a) shows the wideband received power for urban LOS with the transmitter height of 12 m. If we now take the linear regression values as the average received power, the standard deviations (std) are 2.47, 2.25, 1.93, and 1.62 dB corresponding to the window lengths of 5, 10, 20, and , respectively. It is seen that the fast fading components are averaged out if the window length is in the range from to , namely, 1-2 m. The same conclusion can also be obtained for averaging narrowband fast fading components and the corresponding result can be found in Fig. 7(b) . So, based on [9] and the experience of processing much measured data at 5 GHz, it seems that the practical window length for averaging out fast fading components is 1-2 m in micro-and pico-cells at 900 MHz-5 GHz frequency bands.
VI. SPATIAL AND FREQUENCY CORRELATIONS
Spatial and frequency correlation study is useful for the design of antenna diversity to reduce the multipath fading. Because the correlation behavior is a small scale effect, a wide sense stationary uncorrelated scattering (WSSUS) situation should be assumed. To meet this condition, here 200 IRs (about ) used as the window length to give the average correlation function. The formulas for calculating spatial and frequency correlation functions can be found in [15] , [16] . In this paper, envelope correlation is considered for narrowband signals. However, recent research [17] has shown that spatial correlation characteristics do not largely depend on frequency bandwidth up to approximately 20% of the carrier frequency ( , where is the bandwidth of a transmitted signal and is the carrier frequency). Therefore, the narrowband model is sufficient for computing the spatial correlation characteristics within . Figs. 8(a) and (b) and 9(a) and (b) show the spatial and frequency envelope correlation functions for LOS outdoor environ- ments at different transmitter heights. It is seen that the correlation distances are strongly dependent on the transmitter heights. The correlation distances with the envelope correlation coefficient of 0.7 are between 1 to (about 0.06-0.62 m). The respective correlation bandwidths are between 1.2 to 11.5 MHz. In LOS cases, due to the direct wave superimposed by only weak scattered waves, the coherence is high and the correlation length is large.
VII. PATH NUMBER DISTRIBUTION
The multipath number distribution was regarded as Poisson's and modified Poisson's distributions in [18] and modified Poisson's distribution has been shown to have good agreement with the experimental results in some cases. However, the modified Poisson's distribution does not have an explicit expression, but just a process. Therefore, it is not convenient for practical use. In [19] and [20] , another simple and useful path number distribution was derived by considering the path number variation of radio waves in land mobile communications is a Markov process at finite state space, and it was shown to have good agreement with the experimental results. The path number distributions given by Poisson and Gao can be expressed as (3) (4) where is variable and means combination.
is the maximum number of paths that the mobile can receive. The parameters and can be fitted by the experimental data. For Poisson's probability density function (PDF), the mean path number is . For Gao's PDF, the mean value is . The empirical path number distributions for the outdoor measurements are fitted by using (3) and (4), respectively. The path numbers are obtained from measured data by 
TABLE V PATH NUMBER DISTRIBUTIONS FOR OUTDOOR ENVIRONMENTS
counting the peaks of the power delay profiles. The best fit is obtained by minimizing the following standard deviation (5) where is the experimental probability corresponding to path number and is the fitted probability by using (3) and (4). The fitted parameters are available in Table V . Fig. 10(a)-(c) and Table V show that both Poisson's and Gao's PDFs have good agreement with experimental values. However, Gao's PDF has been noticed to give better fit than Poisson's distribution especially at high probability values. The maximum path number that the mobile can receive is around 20, but the probability is very small for the path number greater than 15. It can be easily proven by using the measured data that if the dynamic range is cut at different levels, for example, 25, 20 and 15 dB, the fitting parameters in (3) and (4) will be changed, but the path number distributions still follow Poisson's and Gao's distributions.
VIII. ROTATION MEASUREMENTS IN AN URBAN ENVIRONMENT
The rotation measurements at points and were performed at Site C shown in Fig. 2 . The transmitter height was 12 m and the receiver was on a rotating stand at the height of 1.6 m and close to the receiver is a large open square. In the experiments, large excess delays up to 1.2 s and rms delay spread about 0.42 s are found, which are shown in Figs. 11(a) and (b) and 12, respectively. The power angular profiles (PAPs) of the measurements were calculated by using the maximal ratio combining algorithm in the delay domain [16] (6) where is a factor which is obtained from the calibration measurement with a cable and an attenuator, and and are the delays of the first and last detectable IR components, and is the angle of arrival of the waves in the azimuth plane. In the rotation measurements, the dynamic range is cut at 26 dB relative to the strongest path. Fig. 12 shows two plots for rms delay spread corresponding to the elevation angles of 0 and 30 , respectively. The elevation angle of the horn antenna is defined as the angle between the horn axis and the azimuth plane. Fig. 13 shows the PAPs for two elevation angles of the horn antenna. Strong signals can be found around 0 -30 and 260 -310 while the elevation angle of the horn is 0 . From Fig. 2 , it is seen that around 0 -30 the signals are from the reflections of the far buildings, and around 260 -310 the strong signals are from diffractions and reflections of the nearby buildings. It is seen in Fig. 13 , that the received power is decreased as the elevation angle of the horn antenna is increased. Fig. 14 shows the path number as a function of the rotation angles. It is seen that there are more multipath rays when , which is due to the diffractions and reflections from nearby buildings, and the multipath number is obviously reduced as the elevation angle is increased at 30 . This shows that when both transmitter and receiver are below the rooftops, horizontal multipath propagation is dominant. Figs. 11-14 give the measurement results for point , but there are no large differences between the measurement results in the two nearby points and .
IX. CONCLUSION
The empirical channel models and parameters for wideband outdoor mobile communications at 5 GHz are given in this paper. The path loss exponents and intercepts are obtained by using the least square method. The exponents are within 1.4-3.5 in LOS and 2.8-5.9 in NLOS, respectively. The measurement distances are within 30-300 m in this experimental campaign. The mean excess delay and mean rms delay spread are within 29-102 ns and 22-88 ns, respectively. Large excess delays up to 1.2 s and rms delay spread about 0.42 s were found in the urban rotation measurements where the receiver is close to a large open square with surrounding buildings. A suitable window length is 1-2 m to average out fast fading components for micro-and pico-cells at 900 MHz-5 GHz frequency bands. The correlation distances at this frequency band with the correlation coefficient at 0.7 are between 1 to (about 0.06-0.62 m) and the correlation bandwidths at 0.7 are between 1.2 to 11.5 MHz. These correlation values strongly depend on the BS antenna heights. Both Poisson's and Gao's PDFs agree well with the experimental results. However, Gao's PDF is shown to be better than Poisson's distribution especially at high probability values. The PAPs and path number distributions with different elevation angles of the horn antenna show that when the heights of both the transmitter and receiver are below rooftops, the horizontal multipath propagation is dominant.
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